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PURPOSE. The purpose of this study was to investigate the role of optic disc torsion on the rate of progressive retinal nerve fiber layer (RNFL) thinning in patients with myopic open-angle glaucoma.
METHODS.
We included 102 patients with myopic open-angle glaucoma accompanied by glaucomatous damage confined to a single hemiretina who were followed up over a 5-year period. We divided the subjects into three groups according to the presence or absence of optic disc torsion and the correspondence between the direction of optic disc torsion and the location of glaucomatous damage: torsion with reverse correspondence group (eyes showing inferior optic disc torsion with glaucomatous damage in the superior quadrant or eyes showing superior torsion with damage in the inferior quadrant), no torsion group, and torsion with correspondence group (eyes showing inferior optic disc torsion with glaucomatous damage in the inferior quadrant or eyes showing superior torsion with damage in the superior quadrant). Changes in the peripapillary RNFL thickness (pRNFLT), evaluated using linear mixed model analysis, were compared among the three groups to determine the relationship between optic disc torsion and pRNFLT changes.
RESULTS. Among the total of 102 subjects, 13 eyes (12.7%) exhibited optic disc torsion with reverse correspondence, 59 (57.8%) did not exhibit optic disc torsion, and 30 (29.4%) exhibited optic disc torsion with correspondence. pRNFL thinning in the quadrant with glaucomatous damage was significantly faster in the torsion with correspondence group (À1.66 lm/y) than those in the no torsion (À1.14 lm/y; P ¼ 0.032) and torsion with reverse correspondence (À0.50 lm/y; P < 0.001) groups.
CONCLUSIONS.
Our results suggest that the optic disc torsion-glaucomatous damage correspondence is an important prognostic factor for patients with myopic open-angle glaucoma.
Keywords: myopic open-angle glaucoma, optic disc torsion, retinal nerve fiber layer S everal studies, including population-based studies, have demonstrated a relatively high prevalence of glaucoma in patients with myopia. However, despite a well-known epidemiologic relationship between myopia and open-angle glaucoma, the underlying mechanisms related to glaucomatous damage in patients with myopia remain unclear. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In patients with myopia, the optic disc undergoes morphologic changes such as torsion, tilt, and peripapillary atrophy. [13] [14] [15] Of late, the morphologic features of the optic disc have been considered potential causes for the high prevalence of glaucoma in patients with myopia. [16] [17] [18] [19] [20] [21] [22] Among these, optic disc torsion has garnered increased attention in the glaucoma community, because it can be associated with the location of the glaucomatous damage and visual field (VF) defects in patients with myopic open-angle glaucoma. [18] [19] [20] In optic disc torsion, the optic disc appears to be elliptical and rotated about the sagittal plane. It is a common ocular condition found in myopic eyes. Although the exact mechanism underlying the onset of optic disc torsion remains controversial, it has been suggested that asymmetrical posterior sclera expansion in either the superior or inferior region relative to the optic disc may result in superior or inferior disc torsion during the course of myopia development. 18, 19, [23] [24] [25] [26] Several mechanisms have been suggested for the association between optic disc torsion and glaucomatous damage. 14, 18, 19, 23, 24, 27 For example, inferior torsion could place stress on the inferior nerve axons, resulting in inferior retinal nerve fiber layer (RNFL) damage that presents with superior VF defects. 14, 18, 19, 27 Although the glaucomatous damage occurring as a consequence of optic disc torsion has been documented in crosssectional studies, the mechanism by which optic disc torsion can affect the progression of glaucoma has been not well investigated. Accordingly, we conducted the present study to investigate the effects of optic disc torsion on the rate of progressive RNFL thinning in patients with myopic open-angle glaucoma.
METHODS
This study was approved by the Institutional Review Board of Seoul National University Hospital, and informed consent was obtained from all patients. The study design followed the tenets of the Declaration of Helsinki for biomedical research.
Subjects
We consecutively recruited patients with open-angle glaucoma and myopia who visited the glaucoma clinic at Seoul National University Hospital (Seoul, Korea) from January 2009 to December 2009.
At baseline, each subject underwent ophthalmologic examinations, including the measurement of best-corrected visual acuity and refraction, slit-lamp biomicroscopy, Goldmann applanation tonometry, gonioscopy, stereoscopic examination of the optic disc, color disc and red-free RNFL photography (TRC-50IX; Topcon Corporation, Tokyo, Japan), Humphrey VF examination using the Swedish interactive threshold algorithm standard 30-2 test (Carl Zeiss Meditec, Dublin, CA, USA), measurement of the corneal thickness (Pocket II Pachymeter Echo graph; Quantel Medical, ClermontFerrand, France), axial length (Axis II PR; Quantel Medical), and evaluation of peripapillary RNFL thickness (pRNFLT) using Cirrus optical coherence tomography (OCT) (Carl Zeiss Meditec).
The diagnosis of open-angle glaucoma was based on the presence of glaucomatous optic neuropathy and normal anterior chamber angles on slit-lamp biomicroscopy and gonioscopy. Eyes were diagnosed with glaucomatous VF defects if they met two of the following three criteria as confirmed by more than one reliable test performed after the first VF test: a cluster of three points with a probability of <5% on the pattern deviation map in at least one hemifield, with at least one point with a probability of <1%; a glaucoma hemifield test result outside normal limits; and a pattern standard deviation outside 95% of the normal limits. A reliable VF was defined as that with a false-positive error of <15%, a falsenegative error of <15%, and a fixation loss of <20%. A glaucomatous optic nerve head was defined by a vertical cupto-disc ratio of 0.7, an asymmetry of >0.2 between the vertical cup-to-disc ratios of the two eyes, the presence of focal neural rim notching, or generalized loss of the neural rim on color disc and red-free RNFL photography. Glaucomatous damage was defined as a glaucomatous VF defect consistent with the glaucomatous optic nerve head.
The inclusion criteria for the study were as follows: openangle glaucoma with glaucomatous damage confined to a single hemiretina; myopia with a spherical equivalent of <À2.00 diopter (D) or an axial length of >24.00 mm; reliable VFs and a mean deviation better than À12.00 dB at baseline; and a pRNFLT of ‡60 lm in the superior and inferior quadrants with glaucomatous damage, as observed on baseline OCT, to eliminate the floor effect of advanced glaucoma. Patients were excluded on the basis of any of the following criteria: a segmentation error on baseline OCT; a history of any retinal disease, including diabetic or hypertensive retinopathy; a history of eye trauma or surgery, with the exception of uncomplicated cataract surgery; optic nerve diseases other than glaucoma; and a history of systemic or neurologic diseases that may affect VF. When both eyes of a patient met the inclusion criteria, one eye was randomly selected for evaluation.
We followed-up all participants in an identical manner, usually at 6-month intervals, and performed OCT examinations approximately once a year. IOP was measured at every followup visit, and the mean follow-up IOP was calculated by averaging the obtained values. IOP fluctuation was defined as the SD, and the peak follow-up IOP was defined as the highest value among all measurements obtained during the follow-up period.
Optic Disc Tilt and Torsion
We acquired color disc and red-free RNFL photographs under standard settings using a nonmydriatic retinal camera. Two independent glaucoma specialists (WJL and YKK) measured optic disc tilt and torsion from these photographs using the National Institutes of Health image analysis software (ImageJ version 1.50i; National Institutes of Health, Bethesda, MD, USA; available at https://imagej.nih.gov/ij/index.html). We used the average of the values recorded by the two examiners and excluded subjects whose torsion angles measured by the two examiners differed by more than 58.
Optic disc tilt was identified by the tilt ratio, defined as the ratio between the longest and shortest diameters of the optic disc. Optic disc torsion was identified and defined as the deviation of the long axis of the optic disc from the vertical meridian. The vertical meridian was identified as a vertical line perpendicular to a horizontal line connecting the fovea, which is 28 to 68 below the optic disc, to the center of the optic disc. The degree between the long axis of the optic disc and the vertical meridian was named the torsion degree. A positive torsion degree value indicated inferior torsion, whereas a negative value indicated superior torsion. 14, 19, 27, 28 We diagnosed optic disc torsion when the torsion degree was >þ158 or <À158. On the other hand, we considered optic disc torsion to be absent when the torsion degree was >À158 and <þ158. We further divided the optic disc torsion group into two groups according to the correspondence between the direction of torsion and the location of glaucomatous damage: torsion with correspondence group, which included eyes exhibiting inferior optic disc torsion with glaucomatous damage in the inferior quadrant or eyes exhibiting superior torsion with damage in the superior quadrant, and torsion with reverse correspondence group, which included eyes exhibiting inferior optic disc torsion and glaucomatous damage in the superior quadrant or eyes exhibiting superior torsion with damage in the inferior quadrant ( Fig. 1) .
In each eye with disc torsion, the superior or inferior quadrant located in the direction of torsion was defined as the torsion-affected quadrant, whereas the quadrant opposite to the direction of torsion was defined as the torsion-unaffected quadrant. 
OCT Imaging
We used Cirrus OCT to acquire optic disc scans using the Optic Disc Cube 200 3 200 protocol, which included optic nerve head and RNFL analyses. Cirrus OCT variables included the following: disc area; rim area; average cup-to-disc ratio; vertical cup-to-disc ratio; cup volume; pRNFLT in the superior, nasal, inferior, and temporal quadrants; and the average pRNFLT.
Statistical Analysis
Clinical and demographic characteristics were compared among the torsion with reverse correspondence group, no torsion group, and torsion with correspondence group using 1-way ANOVA or the Kruskal-Wallis test for continuous variables and the v 2 test or Fisher's exact test for categorical variables. ANOVA or the Kruskal-Wallis test was used to evaluate differences in the baseline pRNFLT among the three groups. A paired t-test was used to assess differences in the baseline pRNFLT between the torsion-affected and torsion-unaffected quadrants in each eye in the optic disc torsion group. Student's t-test was used to evaluate differences in the baseline pRNFLT in the quadrant with glaucomatous damage between eyes with superior correspondence and those with inferior correspondence in the torsion with correspondence group.
The rate of pRNFLT changes was determined from the serial OCT measurements using linear mixed model analysis. Models were fitted with fixed coefficients (fixed effects) of age, sex, systemic factors (diabetic mellitus, hypertension), type of glaucoma (normal-tension glaucoma and primary open angle glaucoma), spherical equivalent refractive error, axial length, central corneal thickness, follow-up duration (months), baseline optic disc characteristics (disc area, rim area, average cupto-disc ratio, vertical cup-to-disc ratio, cup volume, b-zone peripapillary atrophy, optic disc tilt ratio), baseline VF mean deviation, baseline VF pattern standard deviation, mean followup IOP, IOP fluctuation, peak follow-up IOP, and optic disc hemorrhage, accepting random intercepts and coefficients (random effects) for all eyes when analyzing the effect of time. The rate of pRNFLT changes was compared among groups through testing of the interaction term in the linear mixed models.
P < 0.05 was considered statistically significant. SPSS software for Windows version 21.0.0 (SPSS, Inc., Chicago, IL, USA) was used for all statistical analyses.
RESULTS
In total, 102 eyes of 102 patients with myopic open-angle glaucoma that met the inclusion and exclusion criteria were included in the present study. Table 1 shows the clinical and demographic characteristics of the study subjects. The mean age was 57.17 6 10.43 years. In total, there were 65 men and 37 women. The mean spherical equivalent refractive error and axial length were À5. 26 
Clinical and Demographic Characteristics of Participants
Of the 102 eyes, 13 (12.7%), 59 (57.8%), and 30 (29.4%) eyes were included in the torsion with reverse correspondence, no torsion, and torsion with correspondence groups, respectively. The three groups showed no significant differences with regard to the baseline systemic and ocular characteristics, follow-up duration, and number of follow-up OCT images ( Table 2) .
Comparison of pRNFLT Changes According to the Presence or Absence of Optic Disc Torsion and the Optic Disc Torsion-Glaucomatous Damage Correspondence
The torsion with reverse correspondence, no torsion, and torsion with correspondence groups exhibited no significant differences with regard to baseline RNFL characteristics. pRNFL thinning in the quadrant with glaucomatous damage was significantly faster in the torsion with correspondence group (À1.66 lm/y) than those in the no torsion (À1.14 lm/y; P ¼ 0.032) and torsion with reverse correspondence (À0.50 lm/y; P < 0.001) groups, whereas it was significantly faster in the no torsion group than that in the torsion with reverse correspondence group (P ¼ 0.037). Average pRNFL thinning was significantly faster in the torsion with correspondence group (À0.95 lm/y) than that in the torsion with reverse correspondence group (À0.49 lm/y; P ¼ 0.040; Table 3 ). Figure 2 illustrates pRNFLT and VF changes in the left eye of a 61-year-old man exhibiting optic disc torsion with reverse correspondence, whereas Figure 3 illustrates pRNFLT and VF changes in the left eye of a 61-year-old man exhibiting optic disc torsion with correspondence.
Comparison of pRNFLT Changes Between TorsionAffected and Torsion-Unaffected Quadrants
We compared the rate of pRNFLT changes between the torsionaffected quadrant and torsion-unaffected quadrant in each eye in the torsion group (n ¼ 42), without consideration of glaucomatous damage. Table 4 shows that pRNFL thinning was significantly faster in the torsion-affected quadrant (À1.56 lm/ y) than that in the torsion-unaffected quadrant (À0.76 lm/y; P ¼ 0.030). 
Comparison of pRNFLT Changes Between Eyes With Superior Correspondence and Those With Inferior Correspondence
We further divided the torsion with correspondence group (n ¼ 30) into a superior correspondence group and an inferior correspondence group according to the direction of correspondence between optic disc torsion and glaucomatous damage (Table 5) . Thirteen (43.3%) subjects showed superior correspondence and 17 (56.7%) showed inferior correspondence. There were no significant differences in the rate of pRNFLT changes in the quadrant with glaucomatous damage between the superior correspondence and inferior correspondence groups.
DISCUSSION
In the present study, we investigated the relationship between the direction of optic disc torsion and glaucoma progression. For this purpose, we only included eyes with glaucomatous damage confined to a single hemiretina. We found that the optic disc torsion-glaucomatous damage correspondence was an important factor associated with glaucoma progression in patients with myopic open-angle glaucoma.
The correlation between the direction of optic disc torsion and the location of glaucomatous damage has been demonstrated in previous studies. 19, 20, 29 Park et al. 19 reported that the direction of optic disc torsion predicts the location of glaucomatous damage in patients with myopic normal-tension glaucoma. They concluded that the nerve fiber bundle located in the direction of optic disc torsion may be damaged. In another study, Lee et al. 29 reported that the RNFL defect was located in the same direction of the optic disc torsion in 60.2% cases of primary open-angle glaucoma (P ¼ 0.029). It is hypothesized that optic disc torsion can exert stress on certain axons through a mechanical twisting effect.
However, only a few studies have assessed the correlation between optic disc torsion and glaucoma progression. Sung et al. 30 investigated the relationship between optic disc torsion and VF progression in patients with myopic normal-tension glaucoma and found that eyes in the group without correspondence exhibited greater VF progression compared with eyes in the group with correspondence. However, in the present study, pRNFL thinning in the quadrant with glaucomatous damage was faster in the torsion with correspondence FIGURE 2. Representative case of a 61-year-old man exhibiting inferior optic disc torsion and superior glaucomatous damage (optic disc torsion with reverse correspondence). During baseline examinations (January 2, 2009), a superotemporal wedge-shaped RNFL defect can be detected on a red-free RNFL photograph and an inferonasal visual field defect can be detected on a pattern deviation plot. The optic disc shows inferior torsion; the torsion degree is þ16.88. Therefore, this case is considered a case of optic disc torsion with reverse correspondence. The rate of peripapillary RNFL thickness changes in the superior quadrant is À0.98 6 2.03 lm/y analyzed by linear regression, and the RNFL thickness change map shows no red color (likely loss) or orange color (possible loss) during the follow-up period.
FIGURE 3.
Representative case of a 61-year-old man exhibiting superior optic disc torsion and superior glaucomatous damage (optic disc torsion with correspondence). During baseline examinations (February 6, 2009), a superotemporal wedge-shaped RNFL defect is detected on a red-free fundus photograph and an inferonasal visual filed defect is detected on a pattern deviation plot. The optic disc shows superior torsion; the degree of torsion is À19.98. Therefore, this case is considered a case of optic disc torsion with correspondence. The rate of peripapillary RNFL thickness changes in the superior quadrant is À3.32 6 1.61 lm/y analyzed by linear regression, and the RNFL thickness change map shows red color (likely loss) and orange color (possible loss) approximately 68 months after the baseline examination. group than in the no torsion group and the torsion with reverse correspondence group. There can be several reasons for the differences in results between the two studies. First, in the previous study, the mean age of the subjects was 37.83 6 10.89 years, whereas that in our study was 57.17 6 10.43 years. Sung et al. 30 suggested that, although optic disc torsion plays a role in RNFL damage and VF defects in myopic eyes, these structural and functional changes may be static and not progressive. We speculate that optic disc torsion may affect glaucomatous changes in two steps. In the first step, myopia progresses and morphologic changes occur in the optic nerve head during adolescence. This can affect glaucoma susceptibility and result in glaucomatous damage. If myopia no longer progresses after this period, the morphology of the optic nerve head does not change and glaucomatous changes do not occur. In the second step, as the individual ages and becomes vulnerable to glaucoma, either glaucomatous changes can occur in the hemiretina affected by optic disc torsion or the glaucomatous damage can progress. Kwun et al. 31 reported that optic disc tilt and torsion were significantly associated with focal lamina cribrosa defects and suggested that the tilt and torsion could increase the vulnerability of the lamina cribrosa to glaucomatous damage.
Second, the time course of changes during glaucoma progression differs between VF and RNFL. RNFL damage generally occurs first and is closely followed by optic nerve head changes. VF begins to show defects only in later stages. The baseline mean deviations in the previous study and our study were À4.15 6 3.26 and À3.37 6 3.19 dB, respectively. The subjects of both studies were patients with relatively early glaucoma. Therefore, there may be a difference between the detection of glaucoma progression on the basis of VF changes and that on the basis of RNFL changes. Because of different subjects and study designs, we cannot perform direct comparisons between our study and the study by Sung et al. 30 A previous study reported pRNFL thinning and thinning of the macular ganglion cell inner plexiform layer in healthy myopic discs, suggesting that the inferior RNFL is more vulnerable to mechanical stress compared with the superior RNFL. 30 In the present study, we subdivided the torsion with correspondence group into a superior correspondence group and an inferior correspondence group and compared pRNFLT changes between the two groups to evaluate the vulnerability of RNFL according to the direction of optic disc torsion. There was no significant difference in the rate of pRNFLT changes between the superior correspondence and inferior correspondence groups. Additional studies on this topic may be necessary for a further understanding of differences in the susceptibility to mechanical stress between the superior and inferior RNFLs.
In patients with early to moderate glaucoma, OCT is useful for monitoring the progression of optic neuropathies. In advanced stages, however, OCT is less clinically useful because of the ''floor effect'' of RNFLT. With advanced loss, pRNFLT becomes level and rarely decreases to <40 lm in thickness because of the assumed presence of residual glial or non-neural tissue including blood vessels. 32, 33 In the present study, we eliminated the floor effect by excluding patients with advanced glaucoma accompanied by a mean deviation of <À12.00 dB and pRNFL thinning to <60 lm in the superior or inferior quadrant observed on baseline OCT.
In the present study, we compared pRNFLT changes between optic disc torsion-affected and optic disc torsionunaffected quadrants in each eye in the optic disc torsion group and found that pRNFL thinning was faster in the former than in the latter. However, this analysis has a limitation. The torsion group included a greater number of eyes with correspondence (n ¼ 30) compared with the number of eyes with reverse correspondence (n ¼ 13). Therefore, the number of quadrants with glaucomatous damage was greater among the optic disc torsion-affected quadrants than among the optic disc torsion-unaffected quadrants. This may have affected the analysis of pRNFLT changes. Despite this limitation, a thinner baseline pRNFLT and faster pRNFL thinning in the optic disc torsion-affected quadrant than in the unaffected quadrant may be a clinically meaningful finding.
This study has some limitations. First, all study subjects were Asian, and the effects of optic disc torsion on pRNFLT changes may be different in other study populations. Second, most of the study subjects had myopic open-angle glaucoma with a normal baseline intraocular pressure (86.3%). Therefore, the characteristics of the included subjects may have affected the results of this study. Third, image acquisition using plain photography and OCT can be affected by the patient's eye and head positions, 34 leading to discrepancies between photographs and OCT images as well as inconsistencies between follow-up OCT images. To minimize such discrepancies, we always ensured that the patient was examined in the seated position with the forehead and chin exactly anchored to the device. The head position was confirmed by checking whether the imaginary line connecting both ears was parallel to the border of the table. We also compared the images and confirmed the alignment between the photographs and OCT images. Fourth, a large variability in what clinicians perceive as the disc margin could make a considerable difference in the measured parameters for a myopic optic disc. Therefore, to minimize subjectivity and variability, we used the average of values recorded by two independent glaucoma specialists and excluded subjects whose torsion angles measured by the two examiners differed by more than 58.
In summary, we demonstrated a relationship between optic disc torsion and changes in pRNFLT over a long period of time in patients with myopic open-angle glaucoma. Optic disc torsion exhibited a significant association with the rate of RNFL thinning. Our findings suggest that the optic disc torsionglaucomatous damage correspondence may be an important prognostic factor for patients with myopic open-angle glaucoma.
